Pyrosequencing was compared to Sanger dideoxy sequencing to detect mutations in FKS1 responsible for reduced echinocandin susceptibility in Candida albicans. These methods were in complete agreement for 10 of 12 clinical isolates with elevated echinocandin MICs, supporting the potential feasibility of pyrosequencing to detect mutations within diploid fungi.
Each clinically available member of the echinocandin class of antifungals (anidulafungin, caspofungin, and micafungin) has been shown to be effective in the treatment of invasive candidiasis, with an excellent safety and drug-drug interaction profile (10, 13, 17, 21) . Several case reports have detailed clinical failures, with members of this class associated with reduced susceptibility (6-9, 12, 14, 18, 19) . In many of these cases, this reduced echinocandin susceptibility has been associated with mutations in the FKS1 gene that resulted in amino acid changes in the ␤-1,3-D-glucan synthase. In C. albicans, these point mutations are dominant, resulting in phenotypic resistance as either homozygous or heterozygous genotypes (18) . Thus, detection of these mutations in diploid organisms may be problematic and requires the analysis of both cloned alleles when using traditional sequencing methods (6, 8) . An allele-specific real-time PCR assay to overcome this obstacle has previously been described (2) . Pyrosequencing is a bioluminometric, nonelectrophoretic technique that employs a cascade of coupled enzymatic reactions to monitor DNA synthesis that has been used to detect point mutations in Saccharomyces cerevisiae and Aspergillus fumigatus (1, 4, 22) and can rapidly screen a large collection of samples for known polymorphisms (11) . We evaluated the utility of pyrosequencing technology to detect point mutations in regions of the FKS1 gene known to confer reduced echinocandin susceptibility in a collection of C. albicans clinical isolates.
Twelve C. albicans isolates were acquired from the University of Texas Health Science Center at San Antonio Fungus Testing Laboratories and were subcultured twice prior to susceptibility testing and sequence analysis. C. albicans SC5314 served as the reference isolate for susceptibility testing and sequencing. Echinocandin stock solutions were prepared by dissolving drug powders in dimethyl sulfoxide (anidulafungin; Pfizer, Inc., New York, NY) or water (caspofungin [Merck & Co., Inc., Whitehouse Station, NJ], micafungin [Astellas Pharmaceuticals, Deerfield, IL]) and further dilution in RPMI medium buffered to pH 7.0 with 0.165 M 4-morpholinepropanesulfonic acid (MOPS). Microdilution broth susceptibility testing was performed as described for CLSI M27-A3 methodology in the presence and absence of 50% human serum (Sigma, St. Louis, MO) (3). Trays were read at 24 h, with the MIC defined as the lowest concentration of drug causing a significant decrease in turbidity compared to growth control results.
Genomic DNA was extracted from cells grown overnight in yeast extract-peptone-dextrose broth by use of a MasterPure yeast DNA purification kit (Epicentre Biotechnologies, Madison, WI). Prior to Sanger dideoxy sequencing and pyrosequencing, PCR amplification was performed with primers specific for FKS1 (GenBank accession no. XM_716336). Dideoxy sequencing was performed in duplicate with a CEQ dye terminator cycle sequencing Quick Start kit (Beckman Coulter, Fullerton, CA), and sequencing analyses were performed with CEQ 8000 genetic analysis system software (Beckman Coulter). Pyrosequencing was conducted as previously described (5). Briefly, a solution of binding buffer and streptavidin-coated Sepharose beads (Amersham Biosciences, Piscataway, NJ) was prepared and added to each sample of the PCR product. Single-stranded DNA was obtained by immobilizing samples in 70% ethanol followed by denaturation solution and washing buffer. Single-stranded DNA was then hybridized to a sequencing primer followed by the addition of substrates, enzymes, and deoxynucleoside triphosphates from an SNP reagent kit (Biotage, Uppsala, Sweden). Samples were analyzed using a Pyrosequencing 96MA instrument (Biotage) in triplicate experiments.
Sequence data identifying point mutations in the FKS1 gene were in complete agreement between the dideoxy sequencing and pyrosequencing results for 10 of 12 isolates (Table 1) . T1922C homozygosity, corresponding to an amino acid change from phenylalanine to serine at codon 641 (F641S), was identified in 8 of 12 isolates, and T1933C-homozygous mutations were found in 3 other isolates. For one of the two isolates with results not in full agreement (isolate 5415), dideoxy sequencing identified a T1933C mutation whereas pyrosequencing identified this nucleic acid change plus a heterozygous T1934A mutation (Fig. 1A) . For the second isolate, dideoxy sequencing identified a T1933Y mutation that was not found by pyrosequencing (Fig. 1B and C) . When segments of the FKS1 openreading frame containing this hot on June 20, 2017 by guest http://aac.asm.org/ spot were PCR amplified, cloned, and sequenced from these two isolates (18) , the sequences obtained from each clone were in agreement with those obtained by dideoxy sequencing. A previous study that evaluated pyrosequencing and dideoxy sequencing using 4,747 synthetic DNA fragments inserted into yeast gene deletion strains reported these methods to be in full agreement for 80.8% of samples, with similar rates of failure (4.8% and 4.17%, respectively) for identifying the correct putative sequence (4). One limitation of pyrosequencing is the short read length (Ͻ50 bp) (1, 11) . Although this limitation hampers the usefulness of this technique in detecting unknown resistance mechanisms, this is overcome when determining known point mutations as described here. Thus, these results support the feasibility of pyrosequencing for rapid screening of point mutations known to confer reduced antifungal activity. However, as our data suggest, further work is needed to optimize this assay to detect heterozygous mutations in C. albicans. Although drug MICs for each of the 12 clinical isolates were consistently elevated for caspofungin (range, 2 to 8 g/ml), anidulafungin (MIC range, 0.125 to 1 g/ml) and micafungin (MIC range, 0.5 to 4 g/ml) appeared to maintain potency against some of these isolates. However, this enhanced potency was negated with the addition of serum to the growth medium (Table 2) . These results are consistent with previous findings (15) , including those of studies that reported similar levels of in vivo efficacy among members of this class despite greater in vitro potency for anidulafungin and micafungin in the absence of serum (16, 23) . Interestingly, in these studies the in vivo activity correlated better with the in vitro potency when tested in the presence of serum. This raises concerns about switching to another echinocandin when resistance is noted, either phenotypically or genotypically, for another member of this class, as others have previously reported (20) .
In conclusion, these results demonstrate the utility of pyrosequencing for the detection of known point mutations conferring echinocandin resistance. Further studies are warranted to optimize this assay and assess pyrosequencing in screening for other mechanisms of antifungal resistance. 
